Traditional Sn-Pb solder 
During the soldering process one or more interface layers usually form between the solder and the substrate (IML -intermetallic layer), constituted by one or more intermetallic compounds (IMC), which composition and morphology are crucial factors in the definition of the electronic systems reliability.
During the soldering process, mainly in what concerns to the wave process, elements present at the surface of the electronic components can dissolve in the liquid solder, changing its chemical composition. The introduction of these elements, namely phosphor from the Ni-P coatings, even in small amounts, can change the characteristics of the soldering process, namely, the solder/substrate IML (intermetallic layer) constitution, and thus, the joint reliability, as well as its electrical properties. As an example of that, it has been reported that the formation of some P-rich compounds (ex: Ni3P), at the interface, can degrade the joint reliability, namely, because this phase easily cracks [1, 2, 3] .
In this work, the effect of small amounts of some alloying elements in the morphology of the reaction layer formed between two types of lead-free alloys, Sn-Cu and Sn-Zn, and two types of substrates, Cu and Ni, was investigated.
Copper is widely used as a substrate in the electronic components. Ni is used as a diffusion barrier layer to prevent the rapid interfacial reaction between lead-free solder and the Cu layer in the electronic components. So, the study of the interfacial reaction between lead-free solders and these substrates can be helpful for the understanding of the soldering process.
Experimental Procedure
The solder alloys used in this work were melted from pure elements (≥99.9 wt. %) in a resistance furnace under inert atmosphere (obtained by a constant flow of argon) and cast in a steel mold, pre-heated up to 100 ºC. After melting and pouring, each alloy was heat treated using the following cycle: heating up to 120 ºC, at 10 ºC/min, stage of 60 min. and cooling to room temperature, at 10 ºC/min. The chemical composition of the produced alloys was determined by XRF Spectrometry.
The diffusion experiments were conducted, for both kinds of alloys, on copper and nickel substrates. Pure copper or nickel wires were polished up to 1.0 µm with diamond paste, cleaned with ethylic alcohol and dried. For the diffusion experiments themselves, the wires were cleaned with one flux (RF800 no clean flux, from Alpha Metals), heated for the flux evaporation and then immersed in the liquid solder, at 250±3 ºC, for the selected times of reaction. After extraction from the liquid solder, the wires were air cooled to room temperature. During the experiments, the assembly was under an inert atmosphere, obtained by a constant flow of argon. Three contact times (reaction times) between the solid wire and the molten solder, were used: 5, 600 and 3600 seconds. The selection of the more prolonged stage time (3600 seconds) -, much longer than that used in a normal soldering process, was done in order to verify the stability of the interface structure.
After the diffusion experiments, samples were cut through a section normal to the diffusion path and polished, in order to study the interface layers produced during the experiments. The samples microstructures were characterized by means of optical and electronic microscopy and the chemical composition of the interface phases determined by Energy Dispersive Spectrometry at Scanning Electron Microscopy (SEM/EDS). The samples were examined, by SEM/EDS, without chemical etching. The DSC experiments were made with a heating/cooling of 10 ºC/min in an inert atmosphere of high purity helium.
Results and discussion
The chemical composition of the alloys (in atomic %) used in this work, obtained by XRF spectrometry, is presented in table 1 as well as the melting temperatures obtained by DSC.
Results of the thermal analysis, for alloys of the Sn-Zn and Sn-Cu base systems are presented in figure 1 .
The melting temperature, shown in table 1, was determined considering the curve peak temperature, corresponding to the end of the melting, for the experimental heating rate (only the heating cycle was considered).
For the Sn-Zn base alloys, there is a small decrease in the melting temperature that should be associated with the zinc content. The presence of Bi can, also, decrease the melting temperature [4] . Sample LF32, with the higher Bi content, has a melting temperature very close to the traditional SnPb alloy. However, higher Bi contents might be detrimental for the mechanical behavior of the bulk alloy [5] . The melting temperature, of the Sn-Cu base alloys, was almost constant for all the tested chemical compositions.
Copper substrate
The Figure 2 presents the microstructure obtained in the alloy with the highest P addition.
Although almost no P was detected at the IML, it seems to have a significant effect on the IML formation. Previously reported results [4, 6, 7] , refer the presence of more complex IML, constituted by several sublayers, for the same solder/substrate couple. The changes in the IML constitution, when compared with the results obtained with SnZn alloys without P, could be explained by the change of the elemental interfacial energy (tin, ..), caused by the presence of P. Concerning the IML thickness, a continuous increase with the reaction time was obtained, as presented in figure 4a) .
The Sn-Cu based alloy interface with the Cu substrate is constituted by a single IMC compound (table 3) reaction time (60 minute). The presence of P in the alloy seems to have no significant effect on the IML formation. Almost all the P appears in an independent phase inside the solder (table 4) . The IML thickness is thinner then the obtained for the Sn-Zn alloys and has a small change with the reaction time (figure 4a).
Nickel substrate
Concerning the Sn-Zn based alloys, the obtained IML constitution is presented in Figures 3a) to 3c) [9] reported the formation of three IMC, with zinc contents from ~79 to 85 at.%. These results were not confirmed in this work. No P was detected at the interface (table 5) , as it appears as an independent phase inside the solder (table 7) .
In the Sn-Cu alloys, the presence of P seems to have an important effect in the IML constitution in opposite with the results obtained with the other systems. The obtained interface is presented in figures 3d) to 3f). The IML is constituted by two different layers, refereed as IMC-I and IMC-II in table 6, and identified in Figure 3e) .
The IMC-I is of the Ni 3 (Sn,P) 4 type [10].
The Ni3Sn4 phase was already detected in Sn-Cu/Ni systems IML [10, 11] . The chemical composition of the IMC-II could be associated with a Ni 6 Sn 5 type of phase, with some dissolved P. The Ni 3 P phase, also referred in the literature, was not detected in none of the studied alloys. Phosphorus is present in the IML with a higher concentration at the IMC-II, which is in the solder side. The rest of the P is, inside the solder, in a phase of the CuP 3 type (table   7) .
The total thickness of the IML, presented in figure 4, decreases after 10 min. of reaction time. The thickness of IMC-I seems to change, with reaction time, more significantly then the IMC-II. However, more experiments (with more intermediate reaction times) are needed to determine if the IMC-I is growing or, in opposite, if this phase is disappearing with the reaction time.
The thickness of the obtained IML, for both the Sn-Zn and Sn-Cu solder alloys, is presented in Figure 4 . The Sn-Zn base alloys have an IML that reveals a continuous increasing with the reaction time for both types of substrates. In opposite, the Sn-Cu alloys IML thickness stops growing after some time of solder/substrate reaction. It seems that the lower diffusivity of Sn through the IML, when compared with the Zn diffusivity, is the controlling mechanisms for the IML growing rate.
Conclusions
The effect of P addition in the solder/substrate reaction and the morphology of the intermetallic compounds, was investigated for two different lead-free alloys and two substrates.
No significant changes were obtained in the alloys melting temperatures due to the P addition. In both alloy systems a P rich phase was obtained.
Concerning the solder/substrate reaction an important effect was detected, with the formation of a single IMC, for the reaction between the Sn-Zn alloys and the copper substrate. P was not detected in the IML. However, its presence should change the elements interfacial energy which could explain the formation of a different IML constitution.
Only in the IML obtained with the Sn-Cu alloys reacting with the Ni substrate was detected the presence of P in the IMCs chemical composition.
Concerning the IML thickness a very different behaviour was obtained for both alloy systems. For the Sn-Zn based alloys it continuously grows with the increase of the reaction time. For the Sn-Cu alloys the IML thickness seems to stop growing after the initial formation. The lower diffusivity of Sn, through the IML, when compared with the Zn diffusivity, seems to be the controlling mechanism for the IML growing rate. 
